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HIGHLIGHTS 


►  The  effect  of  mechanical  vibration  on  Pt  particle  growth  in  PEMFC  was  investigated. 

►  Transmission  electron  microscope  and  statistical  regression  model  were  utilized  for  the  study. 

►  Mechanical  vibration  caused  a  decrease  in  Pt  particle  growth  rate  in  the  catalyst  layers. 
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The  effect  of  mechanical  vibration  on  Platinum  (Pt)  particle  agglomeration  and  growth  in  the  catalyst 
layer  of  a  Membrane  Electrode  Assembly  (MEA)  for  a  Proton  Exchange  Membrane  Fuel  Cell  (PEMFC)  was 
investigated.  A  series  of  experiments  were  conducted  using  a  300-h  accelerated  test  with  potential 
cycling  and  transmission  electron  microscopy  (TEM).  Each  of  the  300-h  accelerated  tests  used  different 
constant  mechanical  vibration  conditions  (frequency  and  acceleration).  It  was  observed  that  the  average 
diameter  of  Pt  particles  under  vibration  is  10%  smaller  than  the  ones  that  were  under  no  vibration 
conditions.  The  Pt  particles  in  the  order  of  2—2.5  nm  in  the  pristine  state  have  grown  to  approximately 
6  nm  (after  300-h  accelerated  test  without  vibration  condition)  and  to  approximately  5.47  nm  (after 
300  h  accelerated  test  under  1  g  20  Hz  vibration  condition). 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  Electrolyte  Membrane  Fuel  Cell  (PEMFC)  has  been  the 
focus  of  many  studies  as  an  alternative  to  Internal  Combustion 
Engines  (ICE)  because  of  their  zero-emissions  and  high  efficiency 
[1-4].  Although  PEMFC  has  been  considered  to  be  one  of  the  most 
attractive  candidates  for  automotive  applications,  its  components, 
including  carbon-supported  platinum  catalyst,  have  yet  to  meet 
requirements  such  as  durability  and  the  mass  activity  of  the  Oxygen 
Reduction  Reaction  (ORR)  [5—11]. 

Carbon-supported  platinum  as  a  catalyst  material  has  very  high 
kinetics  for  the  Hydrogen  Oxidation  Reaction  (HOR).  Comparing  to 
the  HOR  reaction,  kinetics  of  the  platinum  for  ORR  is  slow. 
However,  platinum  remains  the  most  preferable  catalytic  material. 
It  has  one  of  the  best  electrode  performances  at  low  temperature 
and  acidic  environment  inside  PEMFC.  In  recent  years,  scientific 
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experiments  have  been  conducted  to  study  carbon-supported 
platinum  and  its  stability,  including  its  agglomeration  and  growth 
[11-22].  The  catalyst  stability  depends  on  several  factors  such  as 
potential,  temperature,  humidity,  and  contamination.  For  example, 
Lin  et  al.  [18]  have  studied  the  effect  of  dynamic  loading  cycling  on 
the  degradation  and  Pt  growth.  Rapid  degradation  of  the  perfor¬ 
mance  was  observed  after  280  h  of  the  fuel  cell  operation.  Addi¬ 
tionally,  Pt  growth  was  observed  after  370  h  of  testing.  For  this 
experiment,  fuel  cell  was  not  introduced  to  any  mechanical  loading, 
only  to  the  voltage  loading  cycle  for  simulating  driving  conditions. 

In  addition  to  potential  cycling,  other  influencing  factors  on  Pt 
particle  agglomeration  and  growth  have  been  studied  by  many 
researchers.  It  has  been  well  established  that  hydrogen  influences 
the  agglomeration  and  growth  of  Pt  particles  [17,23-26].  In  a  study 
by  Darling  and  Meyers  [23],  they  proposed  a  three-stage  Pt  growth 
model  that  includes  Pt  dissolution,  formation  of  Pt  ions,  and 
removal  of  ions  from  the  system  by  hydrogen  that  has  crossed  over 
Membrane  Electrode  Assembly  (MEA)  from  the  anode  to  the 
cathode.  In  the  first  stage,  Pt  oxides  are  forming  under  high 
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potentials  at  the  cathode  side  as  explained  in  Eq.  (1).  In  the  second 
stage  Pt  oxide  dissolution  process  occurs  with  formation  of  Pt  ions 
as  illustrated  in  Eq.  (2).  Finally,  in  the  third  stage,  the  Pt  ionic 
species  are  removed  from  the  system  as  described  by  Eq.  (3),  which 
is  called  the  precipitation  reaction.  In  this  stage  Pt  ions  are  getting 
reduced  to  Pt  particles  by  hydrogen  crossed  over  the  MEA  from 
anode  to  cathode  side. 

Pt  +  H20  PtO  +  2H+  +  2e"  (1 ) 

Pto  +  2H+  —  Pt2  +  H20  (2) 


agglomeration  and  growth  has  been  discussed  by  many  researchers 
[16,32-36,39];  however,  in  their  studies  the  effects  of  vibration 
have  not  been  considered.  Second,  during  the  300-h  accelerated 
test,  the  PEMFC  performance  and  operating  parameters  were 
monitored  and  controlled  by  a  fuel  cell  test  station.  Experimental 
procedures  using  Transmission  Electron  Microscope  (TEM)  were 
conducted  to  quantify  the  Pt  particle  size.  The  Pt  particle  size  of  the 
MEA  catalyst  layer  was  observed  after  the  end  of  each  of  the  300  h 
accelerated  test.  Lastly,  a  statistical  method  was  used  to  interpret 
the  observed  data.  The  research  method,  results,  and  conclusions 
are  presented  in  the  following  sections. 


Pt2  +  H2  -<■  Pt  +  2H+ 


(3)  2.  Experimental  method 


Chen  et  al.  [24]  studied  the  effect  of  hydrogen  crossover  on  Pt 
agglomeration  and  growth.  It  was  observed  that  local  concentra¬ 
tion  of  Pt  ions  was  higher  at  the  cathode  catalyst  layer  when  there 
was  less  crossover  hydrogen  and  based  on  the  observation  it  was 
hypothesized  that  hydrogen  crossover  chemically  reduces  Pt  oxides 
and  decreases  the  amount  of  Pt  ions  formed  via  the  oxide  pathway. 
This  observation  suggested  that  Pt  growth  would  be  higher  in  the 
case  with  less  hydrogen  crossover,  since  there  was  higher 
concentration  of  Pt  ions  available  for  deposition  and  crystallite 
growth. 

Although  Pt  agglomeration  and  growth  have  been  studied  by 
many  researchers  [11-22],  few  have  considered  studying  the  effect 
of  mechanical  loadings  such  as  the  effect  of  vibration  on  the  Pt 
agglomeration  and  growth.  For  PEMFC  to  be  used  as  an  alternative 
energy  source  in  vehicular  applications  [1,4,27,28],  the  effect  of 
mechanical  loadings,  such  as  due  to  vibration  in  automobiles,  on 
the  fuel  cell  performance  and  durability  needs  to  be  fully  under¬ 
stood  and  studied.  Through  a  literature  survey,  it  is  apparent  that 
there  is  a  lack  of  studies  discussing  the  influence  of  vibration, 
especially  for  a  long-term  test  procedure.  A  few  studies,  such  as  the 
one  conducted  by  Rajalakshmi  et  al.  [29],  discussed  the  effects  of 
shock  and  vibration  for  a  short  duration.  In  their  study,  the  fuel  cell 
stack  was  undergoing  horizontal  and  vertical  vibration  with  the 
amplitude  of  acceleration  of  3  g  and  a  frequency  range  of 
30-150  Hz.  The  duration  of  the  test  was  90  min  for  each  of  the 
vibration  cases.  For  studying  a  shock  effect,  acceleration  was  kept  at 
30  g  for  10  pulses  for  15  ms  each.  The  performance  of  the  fuel  cell 
stack  was  recorded  before  and  after  the  vibration  and  shock  test. 
The  results  of  the  study  showed  that  vibration  does  not  affect  the 
performance  of  the  fuel  cell  stack.  They  have  recommended  further 
dynamic  life  testing. 

In  another  study,  Rouss  and  Charon  [30]  developed  a  model  for 
the  mechanical  nonlinear  behavior  of  a  PEMFC  system  subjected  to 
vibration.  Raw  experimental  data  was  used  to  create  a  multi-input 
and  multi-output  (MIMO)  model  using  a  multi-layer  perceptron 
neural  network  combined  with  a  time  regression  input  vector. 
Results  from  the  analysis  showed  good  prediction  accuracy.  In  the 
study  conducted  by  Betournay  et  al.  [31],  the  effects  of  under¬ 
ground  mining  conditions,  gases,  dust,  shock  and  vibration  on  the 
performance  of  PEMFC  were  investigated  during  extensive  testing 
in  an  operating  underground  metal  mine.  The  fuel  cell  was  tested 
during  50  h  for  different  vibration  test  types  and  exposed  to  mine 
contaminant  levels  using  air  intake  filters.  After  the  tests,  the  V—I 
(Voltage-Current)  curve  did  not  show  any  significant  damage, 
but  further  tests  were  recommended. 

In  our  research,  a  study  evaluating  the  effect  of  vibration  on  Pt 
particles  agglomeration  and  growth  and  PEMFC  performance  was 
conducted.  First,  a  300-h  accelerated  test  procedure  with  potential 
cycling  and  vibration  conditions  was  designed  to  simulate  real  life 
long-term  fuel  cell  operation.  It  should  be  mentioned  again  that  the 
effect  of  potential  cycling  during  accelerated  tests  on  the  Pt 


The  accelerated  degradation  tests  were  performed  using  a  fuel 
cell  hardware  assembly  connected  to  a  test  station  (Fuel  Cell 
Technologies,  Inc.,  New  Mexico,  USA)  as  shown  in  Fig.  1.  The  fuel  cell 
hardware  assembly  has  a  25-cm2  active  surface  area.  A  Nil 5 
catalyst-coated  MEA  made  by  DuPont  Fuel  Cells  (Delaware,  USA) 
was  used.  The  Pt  loading  for  each  of  the  N115  MEAs  was  0.3  mg  Pt 
cm'2,  both  for  the  cathode  and  anode  sides.  The  Sigracet  25  (SGL 
Carbon  SE,  Wiesbaden,  Germany)  for  the  gas  diffusion  layer  (GDL) 
and  PTFE-coated  fiberglass  fabric  (Precision  Coating  Co.,  Inc., 
Massachusetts,  USA)  for  the  gaskets  were  used.  The  PEMFC  was 
assembled  by  compressing  MEA,  GDL,  and  gaskets  (from  anode  and 
cathode  sides)  between  bipolar  plates  (BP)  and  end  plates  (EP).  The 
endplates  were  tightened  by  screws  at  a  torque  of  13  Nm. 

The  experimental  approach  included  the  following  steps:  (i)  run 
the  accelerated  test  with  potential  cycling  and  under  vibration 
conditions;  (ii)  monitor  performance  of  the  fuel  cell  during  accel¬ 
erated  test  using  the  fuel  cell  test  station;  and  (iii)  visualize  and 
analyze  Pt  particle  diameter  size  in  the  degraded  MEA  (after  the 
accelerated  tests)  using  Transmission  Electron  Microscope  (TEM) 
(JEOL  JEM-1400). 

2  A.  Accelerated  test  procedure 

Based  on  reviewed  articles  and  tests  performed  by  different 
researchers  [16,18,32-39],  the  accelerated  test  was  designed  to 
study  Pt  agglomeration  and  growth  and  PEMFC  performance 
operating  under  vibration.  This  test  was  conducted  to  simulate  the 
performance  of  a  fuel  cell  under  real  driving  conditions,  where  the 
effect  of  vibration  is  very  common. 


Fig.  1.  Fuel  cell  test  station  with  PEM  Fuel  Cell  hardware  installed  on  a  VTS  shaker. 
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To  accelerate  the  catalyst  layer  degradation,  each  MEA  was  sub¬ 
jected  to  a  300-h  potential  cycling  following  the  procedures 
described  in  the  literature  [18,29,37-39]  and  mechanical  vibrations 
based  on  typical  vibration  conditions  of  moving  vehicles  [28,30].  The 
potential  cycle  and  accelerated  test  conditions  are  shown  in  Tables  1 
and  2.  The  accelerated  test  simulated  idle  running  (OCV),  constant 
load  running,  variable  load  acceleration,  and  overload  running 
conditions. 

As  discussed  by  Lin  et  al.  [18],  the  rapid  performance  drop  was 
investigated  after  280  h  of  fuel  cell  operation  and  Pt  growth  was 
observed  after  370  h  of  testing.  In  the  study  of  Garland  et  al.  [34], 
the  electrocatalyst  was  subjected  to  500  h  two-step  potential 
cycling  at  0.7  and  0.9  V  with  30  s  at  each  step.  In  order  to  apply 
more  aggressive  test  conditions,  such  as  vibration  and  rapid  voltage 
change  (triangle  step  voltage),  the  length  of  the  accelerated  test 
was  designed  to  be  300  h.  The  parameters  of  the  accelerated  test 
are  shown  in  Table  3.  The  vibration  experiments  were  conducted 
using  a  shaker  (Vibration  Test  Systems,  Inc.,  Ohio,  USA)  (Fig.  1 )  with 
different  parameters  of  oscillations:  20  Hz  and  40  Hz  (1  g  and  4  g  of 
magnitude).  The  vibration  frequencies  for  the  test  were  chosen  to 
be  close  to  real  vehicle  frequencies  during  its  operation  (17-40  Hz) 
[40].  The  maximum  magnitude  of  vibration  of  the  vehicle  usually 
does  not  exceed  0.95  g  [30].  However,  to  apply  more  aggressive  test 
conditions,  the  PEMFC  was  tested  under  the  acceleration  of  1  g  and 
4g. 

2.2.  Pt  particle  measurements 

To  study  the  Pt  agglomeration  and  growth  on  a  catalyst  layer  of 
the  fuel  cell  MEA,  the  Transmission  Electron  Microscopy  (TEM) 
(JEOL  JEM-1400)  was  utilized.  TEM  is  a  destructive  microscopy 
technique  where  an  electron  beam  is  transmitted  through  a  thin 
specimen.  TEM  was  used  to  quantitatively  measure  platinum 
particle  sizes  on  the  cathode  and  the  anode  sides.  The  Pt  particles 
from  the  MEA  were  removed  by  scraping  catalyst  layer  with 
a  scalpel  and  dissolving  it  in  a  pure  ethanol.  The  solution  was  then 
sonicated  for  1.5  h  in  order  to  separate  the  Pt  particles  from  carbon 
support.  After  the  sonication,  1  pL  of  solution  was  deposited  on 
a  TEM  grid  for  imaging.  Images  from  the  TEM  procedures  were 
analyzed  using  ImageJ  software  [41  ].  The  high  concentration  of  the 
Pt  particles  on  some  images  and  the  low  contrast  between  the 
edges  of  the  particles  did  not  allow  the  use  of  the  available  auto¬ 
matic  particle  count  procedure.  Therefore,  a  manual  approach  was 
used.  In  this  approach  each  distinct  Pt  particle  on  TEM  images  was 
selected,  counted,  and  analyzed  separately.  The  number  of  Pt 
particles  counted  was  dependent  on  the  number  of  available 
samples  and  TEM  images  and  therefore  varied  from  sample  to 
sample.  The  total  number  of  Pt  particles  counted  during  image 
analysis  process  for  each  case  is  listed  in  the  sixth  column  of 
Tables  4  and  5.  In  our  study,  the  performance  and  microscopy  data 
was  obtained  from  fourteen  specimens  tested  at  different  vibration 


Table  1 

Potential  cycle  of  the  accelerated  test. 


Potential  cycle  of  the  accelerated  test 

Step 

Description 

OCV  -  1  V 

20  s 

Triangle  step  voltage,  two  way  095  V— 0.45  V 

0.05  V/5  s 

OCV  -  1  V 

20  s 

Constant  load  running  -0.75  V 

60s 

Full  power  -  0.5  V 

40  s 

OCV  -  1  V 

20  s 

Overload  running,  one  way  0.5  V— 0.4  V 

0.05  V/10  s 

Table  2 

Accelerated  test  conditions. 

Accelerated  test  conditions 

Fuel/Oxidant 

Hydrogen/Air 

Fuel  Cell  temperature 

80  ±  1,  °C 

Backpressure 

4,  psi 

Hydrogen  humidity 

100,  % 

Oxygen  humidity 

100,% 

Hydrogen  temperature 

80  ±  1,  °C 

Oxygen  temperature 

80  ±  1,  °C 

Hydrogen  flow,  stoic 

1.5 

Oxygen  flow,  stoic 

2.5 

Test  length 

300,  h 

conditions  and  time  durations.  As  shown  in  Table  3,  the  vibration 
test  conditions  are:  1  g  20  Hz  (Case  1),  1  g  40  Hz  (Case  2),  4  g  20  Hz 
(Case  3),  4  g  40  Hz  (Case  4)  and  no  vibration  (Case  5).  All  vibration 
tests  were  repeated  twice.  In  addition,  different  time  duration  tests 
were  performed  for  the  statistical  Pt  particle  size  prediction  model. 
The  tests  with  various  time  durations  are:  2  h  (T1 ),  50  h  (T2),  126  h 
(T3),  300  h  (T4  Case  5)  and  420  h  (T5).  Please  note  that  the  length  of 
the  tests  T3  and  T5  ended  up  being  126  and  420  h  due  to  equipment 
problems  respectively. 


3.  Data  analysis 

To  analyze  the  data  collected  after  each  300-h  accelerated  test 
(Case  1-Case  5),  a  box  plot  diagram  [42]  was  used.  The  box  plot 
summarizes  certain  statistical  measures,  such  as  median  (middle 
value  -  red  line  in  the  box),  upper  and  lower  quartiles,  and 
minimum  and  maximum  data  values  (lower  and  upper  whisker). 
Outliers  are  marked  in  red  above  the  upper  whisker. 

In  order  to  elucidate  the  statistical  significance  of  Pt  particle 
sizes  after  the  300-h  accelerated  test  under  vibration  conditions,  an 
analysis  of  variance  (ANOVA)  [42]  and  multiple  comparison  [42] 
tests  were  conducted.  An  ANOVA  test  can  be  used  to  explain 
whether  there  are  statistically  significant  differences  somewhere  in 
the  data.  But  it  cannot  tell  specifically  where  those  differences  are. 
For  this  reason  a  combination  of  ANOVA  and  multiple  comparison 
tests  was  conducted  to  check  a  null  hypothesis.  The  null  hypothesis 
in  this  study  was  defined  as  follows:  mean  Pt  particle  sizes  between 
each  300-h  accelerated  test  under  vibration  conditions  (Case 
1-Case  5)  are  the  same. 

In  addition,  the  collected  data  (Case  1-Case  5  and  T1-T5)  was 
used  to  develop  a  statistical  model  that  describes  the  Pt  particle 
growth  as  a  function  of  time  (t),  frequency  (Hz)  and  acceleration  (g). 
At  this  moment  the  model  predicts  Pt  particle  size  in  the  time  range 
up  to  300  h  and  in  various  vibration  ranges  up  to  40  Hz  and  4  g. 

In  order  to  insure  that  the  model  exemplifies  only  systemic  and 
not  noisy  vibration  condition  effects,  a  regression  model  was 


Table  3 

Vibration  test  schedule. 


MEA# 

Time,  h 

Acceleration,  g 

Frequency,  Hz 

Case  1 

300 

1 

20 

Case  2 

300 

1 

40 

Case  3 

300 

4 

20 

Case  4 

300 

4 

40 

Case  5-T4 

300 

0 

0 

T1 

2 

0 

0 

T2 

50 

0 

0 

T3 

126 

0 

0 

T5 

420 

4 

20 
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Table  4 

Pt  particle  sizes  after  various  vibration  condition  tests. 


Test 

Time,  h 

Acceleration,  g 

Frequency,  Hz 

Pt  particle  mean  diameter,  nm 

Number  of  particles  counted 

Pt  particle  median  diameter,  nm 

Case  1 

300 

1 

20 

5.55  ±  1.16 

1348 

5.47 

Case  2 

300 

1 

40 

5.89  ±  1.41 

636 

5.76 

Case  3 

300 

4 

20 

5.64  db  1.42 

1128 

5.49 

Case  4 

300 

4 

40 

5.89  db  1.21 

876 

5.8 

Case  5 

300 

0 

0 

6.14  db  1.53 

1505 

6 

Table  5 

Pt  particle  sizes  after  various  time  duration  tests. 

Test 

Time,  h 

Acceleration,  g 

Frequency,  Hz 

Pt  particle  mean  diameter,  nm 

Number  of  particles  counted 

Pt  particle  median  diameter,  nm 

Pristine  state 

0 

0 

0 

2.34  db  0.38 

173 

2.3 

T1 

2 

0 

0 

3.34  db  0.55 

155 

3.34 

T2 

50 

0 

0 

4.48  db  1.04 

211 

4.4 

T3 

126 

0 

0 

5.61  db  1.53 

378 

5.3 

T4  (Case  5) 

300 

0 

0 

6.14  db  1.53 

1505 

6 

T5 

420 

4 

20 

6.41  db  1.6 

231 

6.28 

employed.  In  addition  to  modeling  mechanical  vibration  effects  on 
Pt  particle  size,  the  statistical  model  aimed  to  predict  an  average 
particle  size  for  possibly  unobserved  vibration  conditions  (in  the 
range  of  0-40  Hz  and  0-4  g)  and  time  length  (up  to  300  h).  The 
effect  of  time  was  modeled  using  a  generalized  linear  model  [43] 
with  a  hyperbolic  tangent  link  function.  This  is  a  consequence  of 
the  fact  that  as  time  progresses  its  effect  on  Pt  particle  size  tends  to 
decrease.  The  effect  of  vibration  parameters  such  as  frequency  (Hz), 
acceleration  (g),  and  time  (t)  on  particle  size  was  described  by 
a  second-degree  generalized  linear  model  [44].  The  aforementioned 
considerations  lead  to  the  developed  statistical  model  of  Eq.  (4). 


^[i,v]  —  Poff  +  tcmh  (^X[i,t])  ^Pt  +  ^g,t^[i,g]  +  ^hz,t^[i,hz]  j 
+^jihz]^hz,hz  +  £i,v  *  —  Tl...Tlv 


P  —  5  P, g,t:  Pti  Phz,ti  Phzfiz'j 


where  X^q  is  the  time  elapsed;  X[itg]  is  the  acceleration  exposure; 
and  X[i  hz]  is  the  frequency  applied  to  the  ith  particle.  D[j)V]  is  the 
diameter  of  ith  Pt  particle  under  certain  mechanical  vibration 
condition  v.  q)V  is  the  Gaussian  residual  error.  ftff  is  the  offset 
parameter  (initial  Pt  particle  size  at  time  0  under  0  g  and  0  Hz),  ft  is 
the  time  effect  on  Pt  particle  size,  ftit  is  the  interaction  effect  of 
acceleration  and  time  on  Pt  particle  size,  ftZ)t  is  the  interaction 
effect  of  frequency  and  time  on  Pt  particle  size,  and  A  is  the 
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Fig.  2.  VI  curves  after  300  h  accelerated  tests. 


parameter  governing  the  Pt  particle  size  growth  speed  reduction 
with  time.  The  number  of  Pt  particles  observed  under  mechanical 
vibration  condition  v  is  denoted  by  nv.  gi,...,gns  is  the  observed 
acceleration  settings;  hzi,...,/izns  is  the  observed  frequency  settings, 
and  ti,...,tns  is  the  observed  time  settings. 

4.  Results  and  discussion 

Fig.  2  shows  the  performance  of  the  MEA  after  each  of  the  300-h 
accelerated  test.  It  can  be  seen  that  after  the  300-h  accelerated  test, 
the  performance  of  the  MEA  tested  at  no  vibration  conditions  (Case  5) 
degraded  the  most.  The  MEA  tested  at  1  g  20  Hz  vibration  condition 
(Case  1 )  had  the  best  performance  compared  to  other  cases.  During 
each  of  the  300-h  accelerated  test  all  parameters,  such  as  tempera¬ 
ture,  humidity,  gases  flow  rate,  pressure,  were  kept  constant  and  the 
only  variable  parameters  were  frequency  (Hz)  and  acceleration  (g). 
The  drop  in  the  performance  presumably  happened  due  to  the 
difference  in  the  size  of  the  grown  Pt  particle  ~6  nm  (Case  5)  and 
-  5.47  nm  (Case  1 ). 

Fig.  3(b-f)  shows  the  TEM  images  of  the  cathode  side  of  the 
MEAs  after  accelerated  tests  under  various  mechanical  vibration 
conditions  (Case  1-Case  5).  Fig.  4(b-f)  shows  the  TEM  images  of 
the  cathode  side  after  the  various  time  duration  accelerated  tests 
(T1-T5). 

Figs.  3  and  4  show  an  increase  in  the  Pt  particle  size  as  well  as 
decrease  in  the  catalyst  active  area.  Fig.  3a  shows  the  TEM  image  of 
the  cathode  in  a  pristine  state.  To  determine  initial  Pt  particle 
diameter  size  five  pristine  MEAs  were  analyzed.  Initially,  Pt  loading 
and  particle  size  on  the  anode  and  cathode  sides  were  approxi¬ 
mately  the  same.  Analysis  of  the  TEM  images  of  the  anode  and 
cathodes  sides  of  the  PEMFCs  showed  that  the  Pt  particle  growth  on 
the  anode  side  is  minimal  and  can  be  neglected.  The  same  obser¬ 
vation  was  noted  by  Borup  et  al.  [39].  This  happens  due  to  high 
potential  on  the  cathode  side  (E° =1.229  V  at  cathode  under  stan¬ 
dard  conditions,  the  potential  on  the  anode  side  is  close  to  0)  and 
the  presence  of  the  water. 

For  each  image  the  Pt  particle  total  areas  and  local  coordinates 
were  recorded.  The  diameters  were  calculated  by  assuming  the 
shape  of  Pt  particles  to  be  circle  [15].  From  the  obtained  TEM 
images  we  can  see  darker  spots  that  are  interpreted  as  the  Pt 
particles.  Platinum  particle  diameter  sizes  obtained  by  the  TEM  for 
the  pristine  state  and  after  each  accelerated  test  are  presented  in 
Tables  4  and  5.  The  TEM  data  is  consistent  in  that  the  vibrations 
caused  relatively  smaller  Pt  particles. 
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Fig.  3.  Carbon-supported  Pt  catalyst  layer.  TEM  Image  cathode  side,  (a)  Pristine  membrane;  (b)  Case  1  (1  g  20  Hz);  (c)  Case  2  (1  g  40  Hz);  (d)  Case  3  (4  g  20  Hz);  (e)  Case  4  (4  g 
40  Hz);  (f)  Case  5  (no  vibration). 


Fig.  5  presents  box  plots  of  the  Pt  particle  size  distribution  on 
the  catalyst  layer  of  pristine  and  tested  MEAs  after  300-h 
accelerated  test  (Case  1-Case  5).  Comparing  the  box  plots  for  the 
MEA  after  the  accelerated  test,  we  can  say  that  the  Pt  particle 
size  distributions  in  the  Case  1,  Case  3  and  Case  4,  are  skewed  to 
the  right  which  tells  us  that  significant  numbers  of  Pt  particles 
are  above  the  median  size  (more  particles  are  in  higher  size 


range).  The  particle  size  distributions  for  the  Case  2  and  Case  5 
are  close  to  normal  (the  number  of  large  and  small  Pt  particles 
are  equal). 

The  median  values  for  Pt  particle  diameter  sizes  after  each 
accelerated  test  are  presented  in  Tables  4  and  5.  Unlike  the  mean, 
the  median  is  not  influenced  by  outliers  at  the  extremes  of  the  data 
set.  For  this  reason,  the  median  is  used  when  there  are  a  few 
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Fig.  4.  Carbon-supported  Pt  catalyst  layer.  TEM  Image  cathode  side,  (a)  Pristine  membrane;  (b)  T1  (2  h);  (c)  T2  (50  h);  (d)  T3  (126  h);  (e)  T4  (Case  5)  (300  h);  (f)  T5  (420  h). 


extreme  values  that  could  greatly  influence  the  mean  and  distort 
what  might  be  considered  typical. 

The  statistical  analyses,  including  the  creation  of  box  plots  and 
running  ANOVA  and  multiple  comparison  tests,  were  conducted 
using  MATLAB  software  [45].  From  the  ANOVA  test,  the  p-value 
(p  =  2  •  10"28)  suggests  that  Pt  particle  mean  sizes  after  300-h 
accelerated  test  under  various  vibration  conditions  are  significantly 
different.  Therefore,  the  previously  stated  null  hypothesis,  that  is, 


mean  Pt  particle  sizes  between  each  300-h  accelerated  test  under 
vibration  conditions  (Case  1-Case  5)  are  the  same,  cannot  be 
accepted. 

The  results  of  multiple  comparison  analysis  are  presented  in 
a  form  of  matrix  and  are  shown  in  Table  6.  First  two  columns 
represent  groups  for  comparison,  fourth  column  shows  the  differ¬ 
ence  in  means  of  the  groups  compared.  Third  and  fifth  column  are 
showing  a  95%  confidence  interval  for  the  true  difference  of  the 
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means.  If  the  confidence  interval  does  not  contain  zero  value,  the 
difference  is  significant  at  the  0.05  level.  If  the  confidence  interval 
contains  zero  value,  the  difference  is  not  significant  at  the  0.05 
level.  The  groups  that  were  not  found  to  be  significantly  different 
are  highlighted  in  Table  6  using  bold  font. 

The  statistics  can  also  be  further  explained  in  Fig.  6.  Mean  values 
are  represented  by  circle  symbols.  Confidence  intervals  are  shown  by 
lines  crossing  the  circle  symbols.  Two  means  are  significantly  different 
if  their  intervals  are  disjoint,  and  are  not  significantly  different  if  their 
intervals  overlap.  The  multiple  comparison  analysis  showed  that  Pt 
particle  size  means  after  300-h  accelerated  test  under  various 
mechanical  vibration  conditions  (Cases  1-4)  were  significantly 
different  from  Pt  particle  sizes  tested  at  no  vibration  conditions  (Case 
5).  Analysis  also  revealed  significant  difference  between  Pt  particle 
size  means  tested  at  1  g  20  Hz,  4g  20  Hz  and  1  g  40  Hz,  4  g  40  Hz, 
meaning  that  Case  1  and  Case  3  were  significantly  different  from  Case 
2  and  Case  4  mechanical  vibration  conditions  with  95%  confidence. 

Fig.  7  illustrates  predicted  and  experimentally  observed  Pt 
particle  diameter  size  as  a  function  of  time  under  vibration 
conditions.  Fig.  8  shows  predicted  and  experimentally  observed  Pt 
particle  sizes  as  a  function  of  frequency  under  1  g  and  4  g  accel¬ 
eration  at  fixed  time  value,  i.e.,  300-h. 

In  Fig.  7,  it  can  be  shown  that  there  is  a  fast  increase  in  average  Pt 
particle  size  between  0  and  50  h  but  this  increase  is  progressively 
smaller  after  about  50  h.  In  Figs.  7  and  8,  it  can  also  be  explained  that 
the  time  and  frequency  parameters  greatly  significantly  influence  the 
growth  of  Pt  particles.  It  was  also  observed  that  the  effect  of  acceler¬ 
ation  is  minimal.  In  Fig.  8,  it  was  observed  that  the  average  Pt  particle 
size  decreased  due  to  increase  in  frequency  for  the  values  up  to  28  Hz 
but  the  size  for  frequencies  between  28  and  40  Hz  was  observed. 

We  conjectured  that  the  reason  for  the  decrease  in  Pt  particle 
agglomeration  and  growth  subjected  to  vibration  was  due  to  the 
hydrogen  crossover  that  reduces  the  amount  of  Pt  ions  on  the 
cathode  side.  We  also  observed  that  mechanical  vibrations  may 


Table  6 

Case  1— Case  5  multiple  comparison  matrix. 


Group  of  comparison 

Lower  confidence 
interval 

Mean 

difference 

Upper 

confidence  Interval 

Case  1 

Case  2 

-0.5275 

-0.3341 

-0.1407 

Case  1 

Case  3 

-0.2484 

-0.0862 

0.0761 

Case  1 

Case  4 

-0.5117 

-0.3372 

-0.1627 

Case  1 

Case  5 

-0.7429 

-0.5921 

-0.4414 

Case  2 

Case  3 

0.0486 

0.2479 

0.4473 

Case  2 

Case  4 

-0.2125 

-0.0031 

0.2063 

Case  2 

Case  5 

-0.4482 

-0.2580 

-0.0679 

Case  3 

Case  4 

-0.4321 

-0.2510 

-0.0700 

Case  3 

Case  5 

-0.6643 

-0.5060 

-0.3476 

Case  4 

Case  5 

-0.4258 

-0.2549 

-0.0841 

Fig.  6.  Multiple  comparison  analysis  plot. 
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Fig.  7.  Time  (h)  versus  Pt  particle  diameter  size  (nm). 


cause  the  thinning  of  the  MEA,  which  lead  to  hydrogen  crossover 
increase.  After  the  accelerated  test,  we  observed  degradations  of 
PEMFC  components  however  further  studies  need  to  be  performed 
to  confirm  these  observations  and  link  the  component  degrada¬ 
tions  to  the  growth  and  agglomeration  of  Pt  particles. 

From  our  study,  it  was  evident  that  the  exposure  of  PEMFC  to 
mechanical  vibration  in  300  h  affects  the  structural  integrity  of  the 
cell  components,  especially  the  bipolar  plates  (BP),  the  gas  diffusion 
layer  (GDL),  and  the  MEA.  It  was  observed  that  there  was  a  loss  of 
compression  due  to  vibrations  from  the  initial  compression  at  a  bolt 
torque  value  of  13  Nm.  Due  to  the  loss  of  compression,  the  GDL  and 
the  MEA  experienced  to  mechanical  shearing  stresses  that  could 
cause  the  thinning  of  the  MEA  and  the  increase  of  GDL  porosity.  The 
thinning  of  the  MEA  could  cause  the  increase  in  hydrogen  crossover 
and  in  short  term  decrease  the  rate  of  Pt  agglomeration  and  growth 


5= 

c« 

3 


fl  B= 

r=%====9F=:=^ 

A  lg  Predict 

A  lgExp 

□  4g  Predict 

■  4g  Exp 

0  10  20  30  40 


Frequency.  Hz 


Fig.  8.  Frequency  versus  Pt  particle  average  diameter  size  (nm)  under  1  g  and  4  g  at 
300  h. 
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[17,23-26].  Subjecting  PEMFC  to  vibrations  for  a  longer  term  will 
lead  to  further  thinning  of  the  MEA  and  its  permanent  damage. 

In  explaining  our  observations,  we  conducted  a  literature  survey 
on  the  effect  of  various  chemical  and  mechanical  conditions  on  the 
PEMFC  performance.  The  effect  of  hydrogen  crossover,  humidity, 
temperature,  and  potential  conditions  on  PEMFC  performance  has 
been  described  by  many  researchers  [17-32].  There  are  also  many 
research  groups  that  studied  physicochemical  properties  and  their 
effect  on  fuel  cell  performance  and  contact  resistance  [46-53]. 

For  example,  Zhou  and  Wu  [46]  studied  the  effect  of  compres¬ 
sion  deformation  of  the  GDL  on  the  performance  of  the  PEM  fuel 
cell.  A  finite  element  model  was  developed  to  analyze  the  ohmic 
contact  resistance  between  BP  and  GDL,  the  GDL  deformation  and 
porosity  distribution.  When  PEMFC  components  are  compressed 
there  several  interfacial  contacts  are  to  be  considered,  such  as  BP/ 
GDL,  GDL/catalyst  and  catalyst/membrane  interfaces.  Due  to  elastic 
deformation  the  GDL  and  MEA  surfaces  go  into  the  BP  channel  (GDL 
by  about  0.0552  mm— 0.1115  mm). 

Lee  et  al.  [47]  showed  that  increase  in  the  GDL  porosity  leads  to 
increase  in  oxygen  consumption,  thus  higher  current  densities  and 
better  performance.  However  it  may  lead  to  rapid  flooding  condi¬ 
tions  and  sharp  performance  decrease  in  long  term.  Mirsha  et  al. 
[48,49]  studied  different  gas  diffusion  layer  materials  and  contact 
pressure  on  the  electrical  contact  resistance.  A  major  source  of  the 
contact  resistances  in  a  fuel  cell  stack  comes  from  the  interface 
between  the  GDL  and  the  BP.  The  clamping  of  a  stack  causes 
a  pressure  to  be  applied  at  the  interface,  leading  to  an  increase  in 
the  contact  area  between  fuel  cell  components,  which  in  turn 
decrease  the  contact  resistance.  However,  a  large  pressure  may 
deform  the  gas  diffusion  layers  and  membrane,  causing  cell  leakage 
and  internal  short.  Thus,  an  optimum  clamping  pressure  exists  that 
trades  off  between  the  competing  requirements. 

We  are  currently  working  on  investigating  the  effect  of  vibration 
on  the  long-term  degradation  of  PEMFC  components  and  its  effect 
on  PEMFC  performance  and  to  relate  the  degradations  to  the  Pt 
agglomeration  and  growth. 

5.  Conclusion 

The  effect  of  mechanical  vibrations  on  Pt  agglomeration  and 
growth  has  been  investigated  using  the  designed  accelerated  test 
and  a  TEM  technique.  The  microscopy  data  shows  that  the  Pt  particle 
diameter  size  is  generally  smaller  under  mechanical  vibration 
conditions  (Case  1-Case  4).  The  analysis  of  TEM  images  shows  that 
after  300  h  accelerated  test  the  average  Pt  particle  size  under 
vibration  conditions  is  10%  smaller  than  under  no  vibration  condi¬ 
tion.  The  Pt  particles  on  the  order  of  2— 2.5  nm  in  pristine  stated  have 
grown  to  ~  6  nm  (no  vibration)  and  —  5.47  nm  (1  g  20  Hz).  However, 
among  three  parameters:  time,  frequency  and  acceleration,  time  is 
a  dominant  factor  in  Pt  particles  agglomeration  and  growth. 

The  statistical  multiple  comparison  showed  that  Pt  particle 
mean  sizes  of  the  catalyst  layer  tested  under  1  g  20  Hz  (Case  1 )  and 
4  g  20  Hz  (Case  3)  mechanical  vibration  conditions  are  significantly 
different,  with  95%  confidence  level,  from  the  Pt  particle  mean  sizes 
of  the  catalyst  layers  tested  at  different  mechanical  vibration 
conditions  (Cases  2  and  4).  Also  Pt  particle  sizes  after  300-h 
accelerated  test  at  the  various  mechanical  vibration  conditions 
(Case  1-Case  4)  are  significantly  different  from  the  particle  sizes 
after  no  vibration  test  (Case  5). 

The  statistical  regression  model  as  well  as  experimental  data 
showed  that  particle  diameter  sizes  tend  to  decrease  (as  a  function 
of  frequency)  when  frequencies  are  below  28  Hz  and  tend  to 
increase  for  frequency  between  28  and  40  Hz.  It  was  also  observed 
that  the  increase  in  average  diameter  size  slows  significantly  after 
about  50  h  of  the  Fuel  Cell  operation. 


We  conjectured  that  mechanical  vibrations  caused  shearing 
stresses  between  the  BP,  GDL  and  MEA,  which  may  lead  to  the 
thinning  of  MEA  and  the  increase  in  hydrogen  crossover  rate.  The 
hydrogen  crossover  reduced  the  amount  of  Pt  ions  on  the  cathode 
side  and  decreased  the  rate  of  the  Pt  particle  agglomeration  and 
growth.  Finally,  the  influence  of  mechanical  vibrations  on  the 
degradation  of  PEMFC  components  is  currently  being  studied. 
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Nomenclature 

X[it]:  time  elapsed 

X[itgj:  acceleration  exposure  to  ith  Pt  particle 
Xfrhzf  frequency  applied  to  ith  Pt  particle 

D:  diameter  of  ith  Pt  particle  under  certain  mechanical  vibration  condition  ‘v’ 
e:  Gaussian  residual  error 

/?:  the  offset  parameter  (initial  Pt  particle  size  at  time  0  under  0  g  and  0  Hz) 
the  time  effect  on  Pt  particle  size 

(3git:  the  interaction  effect  of  acceleration  and  time  on  Pt  particle  size 
(3hzf.  the  interaction  effect  of  frequency  and  time  on  Pt  particle  size 
A:  the  parameter  governing  how  fast  the  effects  of  time  reducing  the  speed  of  Pt 
particle  size  growth 

gj . gns:  acceleration  settings  observed 

hzj . hzns:  frequency  settings  observed 

U . tns:  time  settings  observed 


